Abstract Ecosystem services (ESs) provide information on the tendency of ecosystems to reach and form a state of equilibrium. The process of ES changes is important in order to identify the climate change-related causes that occur regionally to globally. ES-based management plays an important role in mitigation strategies for the negative impact of global climate change on ecosystem. Therefore, it is necessary to evaluate spatial characteristics and relationships among these multiple services from different spatial scales which could aid in multiple ES sustainable development from local to global scales. In this study, we developed a framework for analyzing the spatial characteristics and interactive relationships of multiple ESs. We analyzed the spatial distributions of six hydrological ESs that are important in the northernmost part of Japan (Teshio River watershed) by using hydrology and nutrient model (Soil and Water Assessment Tool, SWAT) under baseline climate conditions and climate change derived from the global circulation model (GCM). We then explored the spatial characteristic scales of ESs by multiscale analysis (lacunarity estimation) to reveal provision flow and spatial distribution characteristics for hydrological ESs. We observed a strong relationship between the spatial characteristics of land uses and ES provision. The spatial characteristics of individual hydrological ESs were totally different and had different spatial homogeneity and cluster (indicated by initial lacunarity index and lacunarity dimension). The results also showed trade-offs between inorganic nutrient retention (provision ESs) and organic 
Introduction
Ecosystem services (ESs) are the forefront of ecology since remarkable work has been devoted by most researchers, which help the diverse stakeholders understand the benefits provided by nature (Costanza et al. 1997 (Costanza et al. , 2014 MEA 2005; Daily et al. 2009 ). ESs can be defined as the conditions, processes, and components of the natural environment which include provision, regulation, support, and cultural services for sustaining and fulfilling human welfare (MEA 2005) . Many aspects of our planet are changing rapidly due to anthropogenic activities, for example, rising atmospheric carbon dioxide results in global warming which has diminished 60% of the ESs. Since information on the local or regional impacts of climate change on hydrological ESs over different areas in the world is of great interest, assessing the impacts of climate change has recently received extensive retention. It is recognized that climate change not only spatially explicitly affects the infiltration, evapotranspiration, lateral flow, and groundwater but also impacts soil nitrogen (N) storage in relation to site fertility, biological productivity, and decomposition related to water quality from regional, national to global scales (Chaplot et al. 2003; Lin et al. 2007; Fan and Shibata 2016a) . Erosion and sediment transport processes are influenced by climate change as well as hydrologic and nutrient cycles, and greater soil loss by erosion often appears in regions with strong variability of precipitation and runoff (Lobell and Field 2007; Marshall and Randhir 2008) . There are studies investigating the impact of climate change on hydrological ESs through coupling of the global climate prediction model with the hydrology model. For example, Westmacott and Burn (1997) evaluated the potential effects of climate change on hydrological ESs pertaining to the magnitude and timing of hydrologic events within the Churchill-Nelson River basin in westcentral Canada. Fowler (1999) assessed potential climate change impacts on water resources in Auckland region (New Zealand) by using climate change scenarios derived in the form of best guesses and envelopes. Somura et al. (2009) quantified the impacts of climate change on water supply provision ESs in the Hii River basin (eastern Japan) by using the hydrology model. Jiang et al. (2016) showed the quantification and assessment of changes in ES in the ThreeRiver Headwaters Region (China) as a result of climate and land use changes. Ding et al. (2016) attempted to perform a systematic assessment of climate change impacts on European forests, which had important policy implications such as developing the ecosystem-based adaption measures for Europe to cope with climate change.
Climate change significantly influences the spatial characteristic scale and interactive relationship of hydrological ESs, so it is often difficult to depict their spatial patterns and characteristics across a wide range of scales (Raudsepp-Hearne et al. 2010 ). There are some researchers who have analyzed spatial patterns in relation to ESs under climate change and have emphasized the need to identify spatial characteristics and relationships of ESs that guarantee the sustainable development of the ecosystem (Chan et al. 2006; Egoh et al. 2008; Fan and Shibata 2016b) . Plotnick et al. (1993) firstly revealed a scale-dependent metric for the characterization of spatial patterns in landscape ecology. Spatial characteristic is more formally defined as the scale-dependent deviation of a spatial pattern from translation invariance or homogeneity of ecological processes (Mandelbrot and Wheeler 1983; Cheng 1997) . Therefore, it has become a useful index to study the scale-dependent heterogeneity of a broad range of spatial phenomena in ecology (Saunders et al. 2005) . The application examples of spatial characteristic estimation include fragmentation and changes in hydrologic function of landscape, spatial characterization of sedimentation, simulation and quantification of forest canopy structure, and analysis of landscape fragmentation and ice storm damage (Wu et al. 2000; Rankey 2002; Miranda-Martinez et al. 2006; Pasher and King 2006) . Despite the significance of spatial heterogeneity in theoretical and applied ecology, few researches exist to determine these key spatial characteristics of hydrological ESs under climate change, because different ESs might show multiple spatial scales that originated from ecological processes at a wide range of spatial levels (Burkhard et al. 2012) . The ecological processes occurring at several spatial scales could be readily affected by climate change, which would generate different ESs at each scale, and each ES will have different spatial characteristic scales. Therefore, it is essential to explore the spatial characteristic of ESs from a multiscale perspective and to further enrich knowledge of the spatial distribution of gaps for each ES (Müller et al. 2010; RocesDíaz et al. 2014) .
Human activities affect ecological processes and further impact the relationships of multiple ESs from local to global scales. The relationships among ESs generally consist of trade-offs and synergies, depending on whether the presence of one service excludes the presence of another service or multiple services are able to coexist in the same areas (Rodríguez et al. 2006 ). Trade-offs occur when one service changes at the expense of another, and the enhancement of the provision ESs has led to declines in many other ESs (Rodríguez et al. 2006; Bennett and Balvanera 2007; Pretty 2008; Carpenter et al. 2009 ). For example, the climate change of freshwater ecosystems could result in conflicts among water provisioning and regulating ESs (Fan and Shibata 2016b) . Synergies can occur if two or more services simultaneously increase or decrease in response to the environmental disturbance (Bennett et al. 2009; Raudsepp-Hearne et al. 2010) . For instance, the Grain for Green Program (GFGP) simultaneously increased sediment and nutrient retentions to maintain soil fertility, and there was a strong synergy between net primary production and soil conservation at the grid-cell level (Jia et al. 2014) . Finding out how ES interactions change under climate change may help avoid unnecessary losses by focusing on finding the most efficient solutions to mitigate the trade-offs or to enhance synergies. Consideration of such positive and negative interaction among ESs is also thus crucial for landscape planning to avoid costly negative trade-offs and promote multifunctionality (Bennett et al. 2009 ). Therefore, identifying the trade-offs and synergies among ESs could improve ecosystem-based management practices to alleviate the negative impacts caused by climate change, and strengthen the decision-making processes to achieve the specific objective (Carreno et al. 2012) . Therefore, it is essential to develop an approach for quantifying the characteristics and relationships of ESs under climate change from a spatial perspective, which is considered as a key requirement for implementation of ES concept in environmental policies (Daily and Maston 2008; Fan and Shibata 2014) .
As climate change becomes a pressing issue, it is important to understand the consequences that will affect spatial distribution and characteristic scale issues of hydrological ESs. Although several advanced researches have approached the changes in spatial patterns of ESs and optimal conservation priority areas for individual or multiple ESs (Ileva et al. 2009; Katsuyama et al. 2009; Fan and Shibata 2016b) , there is still a general lack of information and standardized approaches for integrating climate change into ecosystem through analyzing the spatial characteristics and relationships of ESs. Accurate information about these trade-off and synergy relationships and the spatial characteristic scales of hydrological ESs would improve evaluation of the flow of services, aimed at maintenance of their provision and impact assessment under climate change. In this study, we took the Teshio watershed as an example to reveal how climate changes have impact on ESs' spatial characteristics and relationships. The Teshio watershed located in northern Japan is a winter-dominated watershed, and its main vegetation is forest (Abies sachalinensis, Picea jezoensis, Picea glehnii, Quercus crispula, and Sasa spp.) and agricultural land (Oryza sativa L. and Solanum tuberosum) (Ileva et al. 2009 ). This watershed can typically reflect the natural feature of northern Japan including topography, meteorology, vegetation, and soil factors. It has a less affected freshwater ecosystem proving bundles of hydrological ESs such as sediment and nutrient retentions, flood control, and water supply (Fan and Shibata 2016b) . This areas also provides habitats for moderately sized populations of several salmon species: masu (Oncorhynchus masou masou), pink (Oncorhynchus gorbuscha), and chum (Oncorhynchus keta). The hydrological ESs of the Teshio watershed are vulnerable to potential future climate change such as increases in precipitation and temperature. This could lead to an increase in water supply, but at the expense of sediment and nutrient retentions at multiple scales. This paper focuses on climate change scenarios by defining and estimating water yield, sediment, and nutrient retentions in the Teshio watershed. We firstly developed a methodology for identification of changes in spatial characteristic scales in the ES pattern under climate change. And then we uncovered the changes in trade-off and synergy relationships of multiple ESs under climate change, which is a crucial step in developing effective ecosystem-based management strategies using the ES concept. More precisely, the objectives of the study are as follows: (1) to estimate the changes in total amount and spatial patterns of ESs under climate change, (2) to compare the spatial characteristic scales of ESs affected by climate change, and (3) to quantify the changes in trade-off and synergy relationships of multiple ESs under climate change. Studies of watersheds during increasing precipitation and temperature derived from GCM such as those occurring in the Teshio watershed can be important for future sustainability-oriented management decisions and contribute toward conservation of the hydrological ESs.
Materials and methods
The overall analytical framework includes modeling water supply and water purification hydrological ESs under baseline climate conditions and climate change in the Teshio River watershed, calculating spatial characteristics of hydrological ESs, and quantifying the interactive relationships among multiple ESs. Firstly, we developed the future climate change scenario generated by a global circulation model (GCM). Secondly, we then simulated the ESs using the hydrology and nutrient model (Soil and Water Assessment Tools, SWAT). Thirdly, we then calculated the spatial characteristic scales of services by lacunarity estimation and got the fitting regression equations of lacunarity indexes for ESs. Finally, we quantified the relationships among ESs using fitting regression by means of the Microsoft Windows version of Bayesian inference Using Gibbs Sampling (WinBUGS) and vividly depicted the relationships among ESs through Pareto frontiers at the grid scale.
Study site
The study was conducted in the Teshio watershed, in the northernmost part of Japan which is located at 44.33°north and 142.25°east (Fig. 1a) . The catchment area of the study site is 2908 km 2 and the river is the fourth longest (256 km) in Japan. Approximately 78% of the catchment is covered by forest categorized as cool-temperate mixed forest, including deciduous broadleaf (P. glehnii, Q. crispula) and evergreen coniferous species (A. sachalinensis, P. jezoensis) with dense understory of Sasa dwarf bamboo (Sasa spp.) (Ileva et al. 2009 ). Other land uses are mainly farmland (S. tuberosum) and paddy fields (Oryza sativa L.), with area percentages of 13 and 4%, respectively. The remaining 5% land use is urban and water body (Fig. 1b) . The agricultural land, population, and three hydropower plants concentrate in the upper and middle watershed, implying that there is a close relationship between the water quality/quantity and anthropogenic activities, and these activities are more active in the upper and middle watershed than in the lower places. The climate of the area is cool and relatively humid, with an average temperature of 5°C and precipitation of about 1000 mm. There is snowfall from November through March, contributing almost 40% of the annual precipitation measured at Bifuka station. There are some spatial differences of precipitation across the watershed. Precipitation in mountainous areas at high altitudes (southeastern, northern, and western parts of the watershed) is substantial. Water discharge is generally characterized by one main peak in spring during snowmelt and a second smaller peak usually between late summer and early autumn (Katsuyama et al. 2009; Ileva et al. 2009 ). The time variation of peak corresponding to nutrient and sediment loads is the same as water discharge (Fan and Shibata 2015) . The increasing temperature in the snowmelt phase and the higher precipitation in the rainy season lead to more water discharged into the channel, which could flush more nutrient and sediment especially near the river. Ileva et al. (2009) and Fan and Shibata (2015) stated that excess fertilizer application on agricultural land in the Teshio watershed increased the nitrogen and phosphorous concentration in the water body.
Climate change scenario
We used the observed climate data of precipitation and temperature for 24 years as the baseline climate conditions. We then used large-scale GCM prediction model to simulate future climate during 2010-2039 (hereafter called future climate change) ( (IPCC 2007) . The SRB1 includes improved emission baselines and the latest information on economic restrictions throughout the world. SRB1 examines different rates and trends of technological change and expands the range of various economic development pathways, including narrowing of the income gap between developed and developing countries (IPCC 2007) . The scenario used for the model was created using warming predictions by the Center for Climate System Research/National Institute for Environmental Studies (CCSR/NIES) for modifying regional historical precipitation and temperature observations. Since spatial resolutions of GCMs are too coarse to represent local climate characteristics in our watershed, simple downscaling between the baseline and climate scenario of the nearest GCM grid was applied directly. Future change of temperature in the study area was assumed equal to the difference between temperature simulated using GCMs for future and current conditions at weather station in the watershed through Eq. (1) (Tung et al. 2005) . Future change of precipitation was assumed to be the ratio of precipitation in the future condition to that in the current condition through Eq. (2). Detailed information on the general method of daily climate data for Teshio River watershed's simulation is described in Fan and Shibata (2015) .
Here, μ mT and μ 0 mT are the current and future mean monthly temperatures (°C), respectively; μ mT , current and μ mT , future are the simulated mean monthly temperature under the current and future scenario climate conditions, respectively. Here, μ mP and μ 0 mP are the current and future mean monthly precipitation, respectively. μ mP, current and μ mP, future are the simulated mean monthly precipitation under the current and future scenario climate conditions, respectively. According to the above procedures, we calculated the average data for short-term, mid-term, and long-term climate changes for the following model simulation. The generation method of daily climate data for that simulation is described in the next section.
Hydrological ecosystem services simulation
We used the watershed model SWAT to simulate hydrological ESs (Legesse et al. 2003) . SWAT can predict long-term impacts of land use and climate changes on water, sediment, and nutrient yields in the large complex watershed with varying soils, vegetation, and management conditions (Haverkamp et al. 2005 ). In this model, the watershed is divided into multiple subwatersheds, which are then divided into units of unique soil, land use, and slope characteristics called hydrologic response units (HRUs). The hydrologic submodel is based on the water balance equation in the soil profile, where the simulated processes include precipitation, infiltration, surface runoff, evapotranspiration, lateral flow, and percolation. The sediment yield submodel is based on the modified soil loss equation developed by Williams and Berndt (1977) . The nutrient cycle submodel was developed based on the single growth model as a part of the Environmental Policy Integrated Climate (EPIC) model which is used for simulating all plants (Williams et al. 1984) . The EPIC simulates movement and transformation of nitrogen (N) and phosphorous (P) in the catchment, such as mineralization of organic N and P, denitrification, volatilization, plant nutrient uptake, and microbial immobilization of N and P and their leaching from soil to groundwater and river.
Major input data include climate data, a terrain map, soil properties, and a land use map. The climate data sets were obtained from the Japan Meteorological Agency (JMA). The digital elevation model (DEM) was acquired from the Japanese Geographic Survey Institute (GSI; 50 × 50 m). The land use maps (1976 and 2006) and soil data were obtained from MLIT (50 × 50 m). Fertilizer input data sets for three agricultural lands were obtained from Mishima et al. (2010) . The concentration of N in atmospheric deposition was obtained from Uryu experimental forest of Hokkaido University (ca. 20 km west from the Teshio River watershed). The SWAT model used 2001 SWAT model used to 2002 SWAT model used , 2003 SWAT model used to 2007 SWAT model used , and 2008 SWAT model used to 2009 as the warm-up, calibration, and validation periods, respectively. The calibrated and validated SWAT model was used to simulate hydrological ESs under climate changes.
Six hydrological ESs were selected for this study based on their importance in the water quality and quantity of the Teshio watershed under climate change and the availability of data (Mishima et al. 2010) . The services include water yield, inorganic nitrogen (inorganic-N) retention, inorganic phosphorous (inorganic-P) retention, sediment retention, organic nitrogen (organic-N) retention, and organic phosphorous (organic-P) retention. The water yield is the net amount of water (surface, lateral flow, and ground waters) that leaves the subwatershed and contributes to stream flow, which could be directly obtained from SWAT results. The sediment retention is equivalent to the difference between results with vegetation and bare soil obtained by setting the parameters of universal soil loss equation in the SWAT model (Fan and Shibata 2016b) . The inorganic-N and inorganic-P retentions are the sum of inorganic-N and inorganic-P uptaken by vegetation and intercepted by soil, which can be directly obtained from the SWAT model. The organic-N and organic-P retentions are related to sediment retention, because the organic nutrient loads are often correlated with sediment loads (Marshall and Randhir 2008) .
They are equivalent to the difference between results with vegetation and bare soil by setting parameters of organic-N and organic-P in the SWAT model (Fan and Shibata 2016b) .
We classified each hydrological ES into four levels by the natural breaks (Jenks) method based on their spatial distributed maps calculated from the SWAT model. Each of the classified level of hydrological ES was renamed individual gray scale hydrological ES (with only one scale legend) and all four levels of ES were renamed multiple gray scale ES (with four scale legends) for their spatial characteristics analysis in the next section. Therefore, we generated 60 (24 classified individual gray scale hydrological ESs, which were equivalent to 4 individual gray scale maps of each ES times 6 hydrological ESs for each climate change scenario; 6 multiple gray scale maps of hydrological ESs, which were equivalent to each multiple gray scale map of ESs times 6 hydrological ESs for each climate change scenario) in total, as individual and multiple gray scale maps of hydrological ESs across the Teshio watershed under baseline climate conditions and climate change. The detailed setting information on the individual and multiple gray scale maps of hydrological ESs under baseline climate conditions and climate changes are shown in Table A -1 (see Appendix).
Lacunarity estimation for individual and multiple gray scale maps of hydrological ecosystem services and land uses
In this study, we used a method based on lacunarity estimation to detect spatial characteristic scales in the spatial pattern of ES provision of Teshio watershed under climate change (classified categories of hydrological ESs under climate change scenarios derived from SWAT simulated results). The lacunarity is more formally defined as the scale-dependent deviation of a spatial pattern from translation invariance or homogeneity of ecological processes (Mandelbrot and Wheeler 1983; Cheng 1997) . Spatial patterns with low lacunarity are finely textured and homogeneous with respect to the size distribution and spatial arrangement of gaps. However, coarsely textured patterns that show substantial arrangement of gaps are described as being high lacunarity. Statistical estimates of lacunarity are strongly dependent on both the spatial scale and extent of observation. For example, a spatial pattern that is heterogeneous at one observation scale may appear homogeneous at finer or coarser measurement scales. The lacunarity analysis can be applied to data of any dimension and to binary or quantitative data, and both fractal and nonfractal patterns can be analyzed. Therefore, the lacunarity can be considered as a scale-dependent measure of heterogeneity or texture of an object, whether or not it is fractal (Dong 2009 ).
The estimated lacunarity values depend on the following factors: (i) the size of window used for calculations, (ii) the fraction of analyzed map is occupied by elements of interest, and (iii) the geometry of the map. The most frequently used algorithm for lacunarity was derived from Allain and Cloitre (1991) , which is usually used in landscape ecology. Calculation of lacunarity is not only for binary maps (e.g., individual gray scale maps of ESs) but also for maps with several scale legends (e.g., multiple gray scale maps of ESs) (Dong 2009 ). We will take the individual gray scale map of ES (each classified level with only one scale legend) as an example to interpret the calculated process of lacunarity, which includes applying a squared window with radius Br^to raster map representing a given spatial pattern, starting at the top left pixel. The mass BS^is calculated at each window by summing all the values of the cells contained inside this position. The window then moves to the second column of the same row and BS^is calculated. This process is repeated for all the pixels of the map. So, it is possible to build a frequency distribution and a probability distribution Q(S,r). Therefore, we can obtain the expression of the first moment and second moment of the probability distribution as follows:
where r is the radius of the squared window for the calculation, S is the sum of all values of those cells included in this window, Q is the probability distribution of S, and Z(1) and Z(2) are the first and second moment of the probability distribution, respectively. The lacunarity is the ratio of the above two moments:
Because the radius of the window will be successively increased, the calculation of lacunarity will be repeated for each window size. In order to further discover the relationships between spatial characteristics of hydrological ESs and spatial patterns of land use categories, we also proceeded to the estimation of lacunarity of four individual gray scale maps of land use types including forest, farmland field, paddy field, and pasture (indentata) land use types. For both multiple and individual gray scale maps, the outcome is expressed by an accumulation curve which represents the increase in the lacunarity index value related to window size. Calculations were finished for a range of moving window sizes from 1 to 35 map cells that with a cell size of 100 m (spatial resolution of hydrological ESs and land use maps) supposes a range from 100 to 3500 m. We determined the optimal cell size as 100 m used for lacunarity estimation by testing different cell sizes for the input land use and ES grid maps. This cell size could clearly recognize spatial characteristics of land use and ESs and could balance between grid resolution and calculation time.
2.5 Fitting regression models of lacunarity indexes for individual and multiple gray scale hydrological ecosystem services and land uses So as to quantify the degree of cluster and spatial heterogeneity characteristics of individual and multiple gray scale hydrological ESs and land uses, the fitting regression analysis was used to examine the relationships between the lacunarity indexes and sequential sampling grid sizes based on varied trends of their plots which are derived from the above lacunarity estimations. All the codes for the fitting regression analysis were implemented in WinBUGS (Fan and Shibata 2016a, b) . The fitting regression model of lacunarity indexes for hydrological ESs and land uses can be written as follows:
where i is the total number of samples for the lacunarity index consisting of different individual and multiple gray scale maps of each hydrological ES and land use (i = 1 , 2 , ⋯ , n, the number of n is 35 in this study, a range of moving window sizes from 1 to 35 map cells with a cell size of 100 m). x i and y i are the moving window sizes (also called the sampling grid sizes in this study) and the lacunarity index, respectively. σ 2 represents the variance of the lacunarity index; α is the initial lacunarity index indicating the sensitivity of spatial heterogeneity to sampling grid size; and β is the lacunarity dimension: the larger the initial lacunarity value, the more discrete is the spatial distribution of hydrological ES and land use and vice versa.
Quantification of relationships among hydrological ecosystem services
Spatial concordance on a regional scale was assessed using linear regression models that have been widely used to quantify the interactive relationships between ESs. According to the spatially distributed values of hydrological ESs at the grid scale (continuous values of hydrological ESs), we quantified trade-offs and synergies among ESs by the linear fitting regression approach at 50-m grid cells (Fan and shibata 2016a) . We also further depicted these relationships under climate change by Pareto frontiers which is a popular method for discussing quantitative relationships among ESs (Bonnisseau and Cornet 1988; Yang et al. 2015) . We took inorganic-N retention and sediment retention as an example to further explain how to calculate and draw their Pareto frontiers. We firstly obtained the ratio of spatial raster layer for inorganic-N retention to spatial rater layer for sediment retention at the grid scale, sorted the ratio in ascending order, calculated cumulative sums of the corresponding inorganic-N retention and sediment retention at the grid scale, and then drew curves based on previous cumulative sum results which were the final Pareto frontiers between inorganic-N retention and sediment retention. ) and inorganic-P retention (120.14 kg P ha −1 ) along the riverine region with paddy and farmland fields were higher than those elsewhere. Sediment retention (78.51 Mg ha ) and organic-P retention (112.39 kg P ha −1 ) were highest in the southeast, and their spatial patterns are similar to sediment retention. The water yield, inorganic-N retention, inorganic-P retention, and sediment retention increased from the baseline climate conditions to climate change across the watershed (Table 2) . However, the organic-N retention and organic-P retention decreased from the baseline climate conditions to climate change across the watershed. meanings of individual gray scale and multiple gray scale maps (Fig. A-1 , see Appendix). We classified the spatial distribution of inorganic-N retention into four levels or categories which were class 1 (0-19.80 kg N ha ) categories. Each classified category map of inorganic-N retention corresponded to one individual gray scale map, so the inorganic-N retention ES had four individual gray scale maps. All four classified categories (class 1~class 4 categories were simultaneously considered) of inorganic-N retention were one multiple gray scale map. Therefore, there were four individual gray scale maps and one multiple gray scale map for inorganic-N retention. The definitions of individual and multiple gray scale maps for other ESs under baseline climate conditions and climate change were the same as the previous definition of inorganic-N retention. Lacunarity curves of ESs and land uses were generally negative power function shaped, and the maximum values appeared in the smaller sampling grid size. We explored the landscape textural properties of a variety of land uses and hydrological ESs, with particular attention to the characterization of scales of spatial homogeneity. As lacunarity is clearly a scale-dependent variable, the most useful information is obtained by plotting lacunarity indexes against a range of different sampling grid sizes. The spatial characteristic points (at which lacunarity indexes of land uses approached to constant) for lacunarity curves of individual land use maps (including forest land, farmland field, pasture land, and paddy field) occurred at different scales: farmland field with 2800-3000 m, forest land with 1300-1500 m, pasture land with 2500-2700 m, and paddy field 2800-3000 m (Fig. 4) . For the six multiple gray scale maps (four scale legends of ESs were simultaneously considered) of ESs, we determined the spatial characteristic scales associated with their spatial distributions (Fig. 5) . Differently shaped lacunarity curves were associated with the spatial patterns of ESs (Figs. 2 and 3) . The spatial characteristic points (at which lacunarity indexes of hydrological ESs approached to constant) for lacunarity curves of multiple gray scale ESs under baseline climate conditions and climate change occurred at different scales: inorganic-N retention with 2200-2500 m; inorganic-P retention with 2000-2200 m; organic-N retention with 1300-1500 m; organic-P, organic-N, and sediment retentions with 1300-1500 m; and water yield with 1800-2000 m. Moreover, all the lacunarity curves of multiple gray scale ESs declined rapidly at spatial scale 300-400 m which was closely related with gap density in the ESs.
Based on the results of lacunarity curves presented above, we calculated fitting regression equations of lacunarity indexes for multiple gray scale ESs and individual land uses to further explicitly identify their relationships under climate changes (Tables 3 and 4) (model standard errors of all fitting regression equations were less than 0.1, all the fitting coefficients including initial lacunarity indexes and lacunarity dimensions fell into 95% confident intervals). The fitting initial lacunarity indexes and lacunarity dimensions for inorganic nutrient retention and organic-P retention decreased from baseline climate conditions and climate change. However, Tables 4 and 5 ) (model standard errors of all fitting regression equations were less than 0.1, all the fitting coefficients fell into 95% confident intervals). The fitting initial lacunarity indexes and lacunarity dimensions for individual gray scale ESs were not only related to lacunarity curve shape but also to maximum values of lacunarity indexes. The values of initial lacunarity indexes and lacunarity dimensions for individual classified ESs were totally different under climate change (Table 5) . Their values indicated the degree of spatial heterogeneity and cluster for each classified ES: the larger the values, the higher the spatial heterogeneity and differentiation, and vice visa. For inorganic nutrient retention, the maximum values of initial lacunarity index and lacunarity occurred in class 4 inorganic-N retention and class 3 inorganic-P retention categories, respectively. The minimum values of initial lacunarity index and lacunarity dimension appeared in class 1 inorganic-N retention and class 2 inorganic-P retention categories, respectively. However, for regulating ESs (organic nutrient and sediment retentions), the largest initial lacunarity index and lacunarity dimension occurred in class 1 or 2 regulating ES categories, and the smallest initial lacunarity index and lacunarity dimension occurred in class 3 or 4 regulating ES categories. Therefore, the spatial heterogeneity of individual classified provision ESs was opposed to that of individual classified regulating ESs.
Quantitative relationships between ecosystem services
The quantitative fitting regression models could depict interactive relationships among hydrological ESs based on continuous values of six hydrological ESs. Because there was a subtle (Fig. A-3 , see Appendix). Most of the hydrological services interacted with one another, and 15 possible fitting regressions for pairs of ESs were significantly correlated under all climate change scenarios (model standard errors of all 15 fitting regression were less than 0.1, all the fitting coefficients including mathematical slopes and intercepts fell into 95% confident intervals) (Tables 6 and 7) . For baseline climate conditions, 6 were highly correlated (fitting regression coefficient (mathematical slope); r ≥ 0.5), 7 were moderately correlated (r ≥ 0.3), and 2 were weakly correlated (r < 0.3). For climate change, 5 were highly correlated (r ≥ 0.5), 7 were moderately correlated (r ≥ 0.3), and 3 were weakly correlated (r < 0.3). As for climate change, the fitting regression coefficients between inorganic-N retention and organic-N retention and between sediment retention and water yield decreased from 0.5094 to 0.4985 and from 0.3184 to 0.2784, respectively. The relationships of ESs under climate change through Pareto frontiers are also shown in Fig. 6 . The sediment retention and organic nutrient retention exhibited positive correlations. However, the inorganic nutrient retention was obviously traded off against sediment and organic retentions.
Discussion

Spatial variation in ecosystem services
The Teshio River watershed is a winter-dominated cool watershed, so snow melting water significantly contributed to water yield (Brown et al. 2005) . A greater snowpack was observed at the Bifuka meteorological monitoring station which is located in the northern mountainous area. Snowmelt was up to maximum value in April, and snowfall constituted almost 50% of the total precipitation. The forest area is the mainland land use in the Teshio watershed which could determine the hydrological cycle, so the increase in precipitation directly increased water yield under climate change (Fan and Shibata 2015) . These factors contribute to the largest value of water yield in the northern area across the watershed. The inorganic nutrient retention is higher in agricultural land than forest land. Agricultural land often contributes to inorganic-N and inorganic-P loads in the receiving stream ecosystems, because excess fertilizer is released (Ileva et al. 2009 ). Ileva et al. (2009) stated that excess fertilizer application on agricultural land in the middle Teshio watershed increased nitrate concentration in water of the river main channel and tributaries. This suggested that climate change in the future would significantly affect water quantity and will have further impacts on environmental quality downstream and in estuaries that are important habitats for aquatic biota. In the Teshio Organic-P retention (kg P ha watershed, most of the land use in the riparian zone had a much higher percentage of agricultural use than that designed by Fitzpatrick et al. (2001) , with an average of 31%, and having its peak of 45% in agriculture of the southwest. These high agriculture percentages were achieved at the expense of deforestation, which is already threatening water quality. The forest land provided large sediment retention and organic nutrient retention; especially, the largest values occurred in the southeastern position of the studied watershed. This area is the original source of the Teshio watershed which is characterized by a steeper slope and more precipitation and forest. Soil retention grew fastest on these areas planted with forest that reinforced soil fixation by increasing soil shear strength, providing structural support, or lowering the pore water pressures in the soil through their root systems (Zhao et al. 2004 ). The sediment retention at the flat agricultural land of the studied watershed (southwest) is small because of the flat topography, low field capacity, vegetation category, and high precipitation. Such conditions will cause significant soil erosion, depleting soil nutrients, sedimentation of reservoir, and flooding of low-lying areas at the downstream. The eroded sediment may also adsorb and transport agricultural contaminants such as nutrients, pesticides, and heavy metals posing serious threat to aquatic life and may create health problems for farm families and those living downstream (Alibuyog et al. 2009 ). Moreover, sediment and organic-N retentions in the east were much higher than those in the west because there are more forest areas. The organic nutrient loads are often correlated with the water yield and sediment transportation (Marshall and Randhir 2008). Along the water course, forested and uninhabited headwater areas impacted the clean river water quality by contributing water of low N yield (forest could retain more sediment and nutrient than agricultural land), while the agricultural areas downstream impacted the river water quality by contributing water with increased N levels (Lenat and Crawford 1994; Trisurat et al. 2010) . The sediment retention is closely related to crop management factor which is a function of aboveground biomass and residual on the soil biomass (Neitsch et al. 2011) . The increased temperature could widen the growing period to further decrease soil erosion (Lashkari et al. 2012 ). There two reasons that can explain the increase of inorganic-N and inorganic-P intentions from baseline climate conditions to climate change. One is that the increasing temperature projected by the GCM could promote nutrient uptake of plants which could decrease nutrient leaching, and the other is the higher increase in temperature accelerated the organic matter mineralization processes (Bouraoui et al. 2002) .
The organic-N and organic-P retentions decreased from baseline climate conditions to climate change owing to mineralization.
Spatial characteristics of ecosystem services
The main utility of the multiscale behavior of lacunarity is to determine the scale at which the service provision is guaranteed. As the maps on which the analysis is based are a spatial representation of the ES providers, the gaps in the lacunarity analysis suggest the absence of provision for any given ES. So the spatial characteristic points on the lacunarity curves can be explained as scale thresholds for such ES provision. Identifying these critical characteristic points where ES falls below known thresholds or where production occurs of high-level desired ESs could be used to discover managed unit areas (the size of the managed unit area for ES) that seem to be particularly effective at producing desired ESs. As the sampling grid size increased, the lacunarity indexes for inorganic nutrient retention were higher than those for organic nutrient and sediment retentions under climate change scenarios, suggesting that the spatial heterogeneity of inorganic nutrient retention was higher. Sediment retention had the lowest lacunarity indexes which meant the spatial differentiation was smallest. The lacunarity curves of inorganic-N, organic nutrient, and sediment retentions under baseline climate conditions almost coincided with those under climate change, suggesting that climate change had a little effect on their spatial heterogeneity. Additionally, the lacunarity curve of water yield under baseline climate conditions was on the top of future climate change, which meant climate change increased spatial differentiation and heterogeneity of water yield. The lacunarity indexes for forest land were always lower than other agricultural lands as increasing of the sampling grid size, suggesting that the spatial differentiation of forest was small because the forest land was the dominant land use in the Teshio watershed. The pasture land had the highest lacunarity indexes, which meant higher spatial differentiation and heterogeneity because this land use interlaced distribution with forest land. The farmland field and paddy field had medium lacunarity indexes which meant that these two land uses were mainly concentrated in both riverine sides. The spatial characteristic parameters initial lacunarity index and lacunarity dimension values of forest were lower than agricultural land under climate change scenarios, which were similar to spatial characteristic parameters of organic nutrient and sediment retentions. It suggested that the spatial distributions of forest land, organic nutrient, and sediment retentions were compact. The forest provided more regulating services, and the organic nutrient and sediment retentions were concentrated in forest land. However, the spatial characteristic parameters of agricultural land were identical with inorganic nutrient retention under climate change scenarios, and the initial lacunarity indexes and lacunarity dimensions for agricultural land and inorganic nutrient retention were higher. The agricultural land provided more provision services, for example, the inorganic nutrient retention mainly focused on agricultural land. It indicated that the spatial distribution of ES was related to the spatial arrangement of land use that it is associated with (Fan and Shibata 2016a) .
There were differences between the initial lacunarity indexes and dimensions for multiple gray scale ESs and those for individual gray scale ESs, and it may be due to the complexity of the differentiation among classified categories of ESs in the gray scale pattern. Especially, the contribution of different classified categories (individual gray scale ESs) to the overall results (multiple gray scale ESs) created an average effect, which possibly masked the scale effect at the individual classified category. So the values of the initial lacunarity index and lacunarity dimension for multiple gray scale ESs fell into the range of minimum and maximum values of initial lacunarity index and lacunarity dimension for the corresponding individual gray scale ESs. It was necessary to find out the differences in spatial characteristics of individual and multiple gray scale ESs for comprehensive ecological management. Therefore, both spatial characteristic scales calculated from individual and multiple gray scale ESs in this study should be taken as references for the characteristic scale of each ES for diverse ecological stakeholders. They can be interpreted as the size of the areas for which the provision of ES was the highest. It suggested that this proposed straightforward approach could be used to determine ES planning and management unit and to depict changes in spatial analysis of the distribution of ES from being simply descriptive to being informative of the degree of provision at a given space. Thus, the definition of spatial characteristic scales including initial lacunarity index and lacunarity dimension for each ES will establish the basis for developing sustainable planning and management of ES flows from a spatial perspective (Syrbe and Walz 2012) .
Trade-offs and synergies of hydrological ecosystem services
It widely acknowledged that multiple factors drive the generation, state, and evolution of ESs, such as the land use category, vegetation change, and climate warming (MEA 2005) . Especially, precipitation and temperature play significant roles in soil erosion, hydrological processes, and nutrient cycle. The regional climate conditions of the Teshio watershed exhibited a warming and wetting trend, according to the predicted simulation results from GCM (MIROC3.2-HI models) ( Table 1 ). The increase in precipitation of the Teshio watershed significantly enhanced water yield and sediment retention, which was consistent with the results obtained from McFarlane et al. (2012) and Fan and Shibata (2016b) . The elevated temperature could increase inorganic nutrient retention through enhanced nutrient uptake by higher decomposition rates and further increased negative coefficients between inorganic-N retention and water yield and between inorganic-P retention and organic nutrient and sediment retentions.
The trade-offs appeared between inorganic nutrient retention and organic nutrient and sediment retentions, and many potential synergies occurred as sets of regulating services. Particularly, trade-offs between inorganic nutrient retention and organic nutrient and sediment retentions at the grid-cell scale have been identified as the cause for concern, because organic nutrient and sediment retentions were thought to underlie the sustainable production of inorganic nutrient retention and water supply ESs closely related to the benefits of regional resident and farmer, and are important resilience of social-ecological systems. It has been suggested that the loss of regulating services (e.g., organic nutrient and sediment retentions) in areas of high provisioning service production (e.g., inorganic nutrient retention closely pertain to food production and water yield) may undermine the sustainability of this production, diminish the possibility of diversifying economic activities, and impact local human welfare directly (Turner et al. 2014; Jacobs et al. 2015) . In the studied watershed, inorganic nutrient retention in areas with low organic nutrient and sediment retentions was currently not affected by these trade-offs under climate change. The loss of organic nutrient and sediment retentions was costly to farmers that have to replace these services and to governments that have to pay for water quality treatment and improvement (Fan and Shibata 2016b) . Because these tradeoffs were not inescapable, as analyzed by fitting regression at the grid-cell scale with moderate or weak trade-offs between ESs, knowing where these trade-offs were occurring makes their management possible. Being aware of these interactions and the underlying drivers of service change was key to sustainable watershed ecosystem management. With the gradual achievement of reduced organic nutrient retention and increased water yield, inorganic nutrient, and sediment retentions, trade-offs and synergies among the above six ESs induced by climate change provided strong evidence for ecosystem-based management according to a rational understanding of ecosystem dynamical processes and ecological thresholds (Samhouri et al. 2010) .
The ESs exhibited the highest spatial clustering of forest and agricultural land as two categories (Figs. 1b, 2, and 3) , which indicated that the spatial relationships of ESs were related to spatial patterns of forest and agricultural lands. Notably, the inorganic nutrient retention clustered into farmland field, pasture land, and paddy field, similar to the results of Gitau et al. (2010) and Chiang et al. (2010) , with the highest values for agriculture in riverine areas. Both sides of the Teshio River have low field capacity water content and gentle topography, which could readily promote nutrient absorption of crops and further increase inorganic nutrient retention. The sediment and organic nutrient retentions were spatially clustered forest land but showed distinct patterns in the landscapes, with the highest values in the headwater region of the Teshio watershed. These results indicated that conserving forest on steeper slopes turned out to be the most simple and effective way to maintain ESs under climate change. The many positive and negative associations between the different services highlighted their common drivers and complex interaction under baseline climate conditions and climate change (Tables 6  and 7; Figs. 6 and A-4, see Appendix). Overall, it was especially notable that the organic-N retention was positively correlated with sediment retention as well as with organic-P retention, suggesting synergistic or at least nonantagonistic relationships, which were possibly attributed to share common hydrological processes, drivers of precipitation, and vegetation cover. Forest vegetation can dissipate energy, reduce surface runoff velocity, and increase evapotranspiration rate. Consequently, the increase in sediment retention under climate change could reduce surface runoff and increase water infiltration, while the inorganic nutrient retention concentrated in agricultural land generally exhibited negative relationships to the organic nutrient and sediment retentions. These general patterns probably reflected that agricultural land use will limit the availability of land for most other services, while most organic nutrient and sediment retentions and associated land use were less mutually exclusive (Foley et al. 2005) . The results showed that regional water yield was enhanced and inorganic nutrient retention increased, mainly owing to the sufficient water and heat resources (Figs. 2, 3 , and A-3, see Appendix). There was often a spatial conflict between the places where humans use ESs and the location of ecosystems that produce them (Moilanen et al. 2011; Thomas et al. 2013) . In this study, increased water yield of the region could supply more water for downstream usages of the Teshio watershed, such as hydrologic power, residents, and paddy field irrigation (Fan and Shibata 2014) . Some congruence between the water yield and inorganic nutrient retention was also found, which could be attributed to climate variability and technical processes in agricultural land, such as cultivation and application of high-quality seed breeds, innovation, and application of highly effective cultivation technologies.
Ecosystem service-based mitigation strategies
This study suggested that climate change occurring in winter-dominated regions tended to facilitate synergies on organic nutrient and sediment retentions and sharpen trade-offs on inorganic nutrient retention and sediment and organic nutrient retentions. These synergies and trade-offs are important goals that ecosystem management tries to achieve. Especially, the possible mechanism that can lead to trade-offs among ESs under climate change scenarios was attributed to spatial incompatibilities. Especially, knowledge of all trade-offs associated with different organizations of social-ecological systems could lead to more informed societal choices about ecosystem management and planning under climate change. Therefore, in order to think of the innovative ecosystem conservation policies, an adaptive management paradigm needs to be established to integrate the government-motivated Btop-down^approach and the local stakeholder-motivated Bbottom-up^approach, with balanced considerations of the dynamics and sustainability requirements of the targeted ecological-socioeconomic couple systems (Lü 2012) .
Conclusion
Global sustainable ecosystems require a locally specific urgent strategy to reduce vulnerability of highly sensitive hydrological ESs in the face of climate change (MEA 2005; Costanza et al. 2014) . Quantifying spatial characteristics and relationships can help to identify spatial management unit sizes and congruence of ESs that are particularly vulnerable to future climate impacts, with the goal of drawing ecological and environmental policymaker attention to target adaptation measures (Raudsepp-Hearne et al. 2010; Jia et al. 2014) . We have developed a research framework for analyzing spatial characteristic scales and interactive relationships of hydrological ESs under climate change. The more detailed analysis showed differences of hydrological ESs between baseline climate conditions and GCM prediction of future climate. The analysis of spatial patterns of ESs helped us understand how services were distributed, how the distributions of different services differed, what spatial characteristic scales of services were, and where trade-offs and synergies among ESs might occur. Our analyses of spatial distributions and interactions of hydrological ESs revealed that social-ecological systems produce ESs in complex patterns in accordance with where humans desire specific ESs, where it was possible to produce them, and how they will interact. Climate change, land use, and topography driving factors could explain a modest amount of variation in the set of multiple hydrological ESs. We expected that the patterns that we found in this region would be similar to those in other forest and agricultural land-mixed and winter-dominated areas in the world, and the framework we proposed in this study could be promoted to the spatial analysis of hydrological ESs in the analogous winter-dominated regions. Our results suggested that the attempt to manage ESs under climate change should focus on spatial heterogeneity and interactions of ESs and should recognize that the spatial characteristic scales of ESs related to ES flows and the characteristics of these interactions were likely to be strongly shaped by both social and ecological forces. Similar researches in other areas of the world will provide more information on how the dynamical mechanisms of ESs identified in this study compared with other contexts and sets of ESs. Future study could focus on untangling trade-offs of multiple ESs under climate change, their causes, and possible interventions by conducting more empirical studies of trade-offs in different watersheds and at different scales and by identifying the pathways of interaction among ESs.
These analyses met the overall goal to differentiate regions that will require different measures for economic and ecological decisionmakers to cope with climate change. Mitigation programs in watershed ecosystems focus on reducing the impacts of climate change through changes in cropping systems, establishing buffer zone areas, and systematic conservation. Cropping systems mainly include nutrient management practices and tillage and cultivation measures, which can sustain the provision of ESs. The former includes various fertilizer application rates, fertilizer characteristics, and application timing, and the latter contains adjusting sowing date, changing cropping patterns, adapting highly productive crops, and promoting new crops. The increase in riparian vegetation along all streams can be used to buffer contaminants entering through surface runoff, which can increase nutrient and sedimentation retentions regulating services. Systematic conservation coupled with climate change model should be considered in ES conservation planning to avoid unordered agriculture expansion and to enhance compact agriculture expansion through natural forest conservation and agricultural policy constraints. This systematic conservation can help manage runoff and increase the rates of infiltration and then increase nutrient and sediment traps. In addition, attention needs to be given to new policies that provide incentives for farmers to modify land and resource use: regulatory and enforcement approaches, taxes and subsidies, input pricing that reflects true values (e.g., irrigated water and applied fertilizer), payments for ES programs, and closer harmonizing of production-oriented agricultural programs with environmental regulations.
